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Abstract— Some system level ESD tests do not repeat well if 
different ESD generators are used. For improving the test 
repeatability, ESD generator specifications were considered to be 
changed and a world wide Round Robin test were performed in 
2006 to compare the modified and unmodified ESD generators. 
The test results show the failure level variations up to 1:3 for an 
EUT among eight different ESD generators. Multiple ESD 
parameters including discharge currents and transient fields 
have been measured. This paper tries to find which parameters 
would predict the failure level the best in general. The transient 
fields show large variations among different ESD generators. The 
voltage induced in a semi-circular loop and the ringing after first 
discharge current peak show the best correlation to failure levels. 
The regulation on the transient field is expected to improve the 
test repeatability. 
Keywords- Electrostatic Discharge; ESD, Round Robin test, 
correlations, failure levels, ESD parameters 
I.  INTRODUCTION 
The objective of system level ESD testing is two fold: 
ensuring adequate robustness of electronic systems against real 
world ESD and passing a standardized test as this is often a 
legal or company’s internal requirement for selling a product. 
When passing a legal requirement an unambiguous pass/fail 
determination is required. However, it is well known that all 
EMC tests suffer from reproducibility problems. This is 
especially true for ESD testing [1]-[4]. Owing to the large 
variation nature of the natural ESD phenomena, a reference 
ESD event has been introduced in the standard, IEC 61000-4-2 
[5]. This document describes the discharge current waveform. 
In the early 1990’s testing has been moved from air discharge 
to contact mode testing to avoid the effect of arc length 
variations in air discharge [6] to improve reproducibility. In 
spite of this and other steps taken to improve the 
reproducibility of test results, variations as much as by a factor 
of 2 in passing test voltage are common. Thus, the site-to-site 
variation of test result often leads to regulatory problems and 
may cause redesigns for improving the product’s immunity if 
an EUT turns out to be especially sensitive to a specific model 
of ESD generators used at that test site. 
A standard needs to regulate the parameters that determine 
the severity of the tests. However, there has been and still is 
considerable confusion about which parameters determine the 
severity of ESD testing. Traditionally the effort to improve the 
test repeatability has been focused on defining the right 
discharge current [7], [8]. This thought guided the standard 
formulation in its early stage, resulting in the four parameters 
that define the discharge current specification [5]: rise time, 
peak current, current at 30 ns and current at 60 ns. However, an 
ESD event by an ESD generator has critically different 
characteristics from the human ESD model. 
• The ESD energy is stored in a small discrete capacitor. 
• A ground strap is used for the current return path. 
• The pulse shaping network is used to smooth the 
discharge current. 
It is true that the transient field variation is partially due to 
the discharge current variation, however, the differences listed 
above also cause other uncertainties in the transient field. 
Therefore, even if all ESD generators could have identical 
discharge current, the transient fields may be significantly 
different. Then what would be the correct way to represent the 
field radiation? 
It has been known that the transient fields are different 
among ESD generators from different manufacturers [2], [6]. 
The voltage induced in a small loop was used as a simple 
indicator of the transient field and a correlation to the failure 
levels was found in some limited conditions [9], [10]. In spite 
of numerous factors that would possibly affect the severity of 
ESD generators, TC77B, the technical group in charge of IEC 
64000-4-2, investigated adding another discharge current 
specification. The specification states that the width is 
measured at 60% of the first discharge current peak and should 
be 1.5 to 3.5 ns.  
A Round Robin test was initiated to test the effect of this 
change on different EUTs, at three locations (EHC Tokushima 
lab. in Japan, Missouri University of Science and Technology 
in Rolla, and IBM in Minnesota) using the same ESD 
generators. Various EUTs, such as desk top computers, laptop 
computers, printers, wireless routers, and projectors, were used. 
The measurements were performed in accordance with the 
standards [5]. The contact mode using direct discharge was 
used to minimize test’s uncertainty. The detailed test methods 
are described in [4]. 
The first objective of the Round Robin test was to evaluate 
the impact that the modified current waveform has on the 
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reproducibility of the ESD test results on the EUTs subject to 
testing. Besides EUT testing we characterized the ESD 
generators with respect to their discharge current and fields. 
These parameters can be used to study the correlation of the 
failure levels to the ESD parameters. 
Section ΙI introduces the failure levels and the variations of 
various EUTs. Section III presents the measured ESD 
parameters, including the discharge currents and voltages 
induced in a semi-circular loop. Section IV discusses the 
general correlation between the ESD parameters and the failure 
levels over all EUTs and Section V compares the modified and 
unmodified ESD generators.  
 
II. EUT FAILURE LEVELS  
The failure levels of desktop and laptop computers, servers, 
routers, etc. were determined using the contact mode. Some 
EUTs had multiple test points spaced far from each other. In 
this case we assumed that the coupling path and failure cause 
was different, allowing us to regard each new test point as an 
independent EUT. A charge voltage of 10 kV was the 
maximum for most ESD generators. A few EUTs didn’t fail up 
to 10 kV. In this case we assumed a failure level of 12kV.  
Each of the recorded failure levels for an EUT using eight 
different ESD generators was normalized to the lowest failure 
level such that the relative failure level variations could be 
seen. Fig. 1 shows the normalized failure level for the positive 
and negative voltage discharge respectively. The variations 
were strongly dependent on the EUT, ranging from 1:3 down 
to 1:1.5. The data is sorted such that the EUTs having large 




Fig. 1.  Normalized failure levels for fourteen EUTs while (a) positive voltage 
discharges and (b) negative voltage discharges were performed using eight 
ESD generators. The lowest failure level for each EUT was used for 
normalization. EUT 10 (rarely failed up to 10kV) and EUT 13 (indirect 
discharge) were excluded.  
III. ESD PARAMETERS  
Five of the ESD generator manufacturers supported the 
Round Robin test by providing ESD generators which meet the 
proposed new current requirement specifying the width of first 
discharge current;  These generators are denoted by capital 
letters, ‘Generator A’ to ‘Generator E’, in the measurement 
results. Three of these manufacturer’s also provided their old 
versions, ‘Generator a’ to ‘Generator c’, which didn’t meet the 
new current requirement. ‘Generator D’ and ‘Generator E’ 
don’t have corresponding old versions because they have 
already met the new current specifications.  
We measured the discharge currents, the induced voltages 
in a semi-circular loop, and the electric fields. Under the 
assumption that a EUT fails if the peak noise level induced into 
some circuit exceeds a certain threshold level, various peak-to-
peak values of ESD parameters were extracted from the 
measured data for the correlation analysis. 
A. ESD parameter measurements 
The discharge currents were measured in accordance with 
the standard. They meet the four parameters of the discharge 
current specification in general. However, the current 
waveforms after the first peak deviate significantly. The 
measured waveforms and the spectrums are shown in [4].  
To observe the transient field from the ESD generators 
during discharge, the induced voltages in a small loop have 
been measured. The measurement setup is depicted in Fig. 2. 
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 Fig. 2.  Measurement setup for the induced voltages in a semi-circular loop. 
The ESD generators that were used were rotated around the discharge tip. The 
induced loop voltage was measured at four angles.  
A semi-circular loop (28 mm diameter, 0.7 mm wire 
diameter) was placed on a ground plane and connected to an 
oscilloscope (6 GHz of bandwidth). The discharge location is 
10 cm from the center of the semi-circular loop. The ground 
strap was pulled back to its midpoint. The ESD generators that 
were used were rotated around the discharge tip, as can be seen 
in the right side of Fig. 2, maintaining the overall shape of the 
ground strap. The current of the ESD generator is hardly 
affected by rotating it. However, the transient fields are, as 
most ESD generators do not form bodies of revolution. For 
capturing the effect of these asymmetries we recorded the 
induced loop voltage for four orientations of the ESD 
generators.  
Fig. 3 shows how strong the spectra of the induced voltage 
vary among different ESD generators. As expected, the 
variation is larger in the high frequency ranges.  
 
 
Fig. 3.  Spectrums of measured induced voltages in a semi-circular loop for 
eight ESD generators at 0 degree of revolution-angle. 
A broad-band electric field sensor was placed on the 
ground plane at a distance of 0.1 m from the discharge point 
and the transient electric fields were measured. The ESD 
generators were held at 4 different angles, the same as was 
measured for the induced voltage in the semi-circular loop. The 
transient electric fields also show a variation over rotation 
angles, but the variation is not as strong as that of the voltage 
induced in a semi-circular loop. The E-field sensor has a flat 
frequency response from about 2 MHz – 2 GHz, while the loop 
emphasizes the stronger varying high frequency content. 
Typical waveforms of the transient electric field are shown in 
[9].  
B. ESD parameter extractions for correlation analysis 
Obvious parameters are the peak current and the discharge 
current derivative. The ESD generator current waveforms often 
differ in a highly visible fashion during the decay after the 
initial peak [3]. The currents may fall very fast or ring. The 
ringing is often caused by structural resonances leading to 
frequencies in the middle range from 200 to 800 MHz.  
Enforcing a smooth current decay after the first discharge 
current peak has been introduced into the discussion of the 
standardization as a measure of improving the test result 
repeatability. To test if this frequency range of the current 
correlates to failure levels we defined the peak-to-peak of a 
band-passed current (200-800 MHz) as a parameter.  
The transient fields will induce noise in the loop or 
monopole like structures. Based on this and previous 
publications [9], the standardization committee introduced the 
voltage in a ground plane mounted semi-circular loop as a way 
to characterize the transient fields of ESD generators [5]. 
Besides the simplicity of the test setup, other arguments for 
including this specification had been the availability of the data 
not only on ESD generators, but of the human-metal ESD 
event, which forms the event that the standard tries to 
reproduce. 
Transient field magnitudes have also been selected as a 
parameter. However they do not describe the nature of the 
induction process as well as the voltage induced in a loop.  
The problem of the large variation of ESD test results had 
been known prior to the Round Robin and it initiated the 
maintenance work on IEC 61000-4-2 that eventually led to the 
Round robin testing. If we assume a linear relationship between 
parameters and the reciprocal failure levels it is logical to 
search for parameters that differ strongly between ESD 
generators. For example, test result variations of 1:3 had been 
observed prior [4], but the peak currents of different ESD 
generators that fulfill the standard vary only by +/-10%. Thus, 
the peak current is not a suitable parameter to explain the 
observed variation ratio of 1:3. 
The spectrum of the discharge current derivatives, the 
electric fields and the induced voltages in a semi-circular loop 
shows larger variation in the higher frequency range than in the 
low frequency range (<500 MHz). Therefore we created high 
and low-pass filtered parameters to search for a correlation. 
Fig. 4 explains how measured data were processed to obtain 
ESD parameters used in the correlation analysis. The generator 
‘a’ has exceeding values in most parameters while not always 
causes low failure levels. This effect is also considered in the 
next section. 
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ESD parameter symbols 
I Discharge current 
(di/dt) Discharge current derivative 
VLoop Induced voltage in a semi-circular loop 
E Transient electric field 
Data processing symbols 
(subscripts after ESD parameter symbols) 
LP Low-pass filtering (<500MHz) 
HP High-pass filtering (>500MHz) 
BP Band-pass filtering (200~800MHz) 
p Peak detection 
p-p Peak to peak detection 
Fig. 4.  ESD Parameter trees. The shaded circles indicate unfiltered raw data 
and the rectangles indicate the data processing  
 
IV. CORRELATION ANALYSIS 
Multiple parameters describe an ESD event; starting from 
electrostatic parameters like charge up to the GHz spectral 
components. Only the parameters that determine the severity 
need to be regulated by an ESD standard. However, which 
parameters should be regulated? During the Round Robin we 
observed the failure levels for a diverse set of EUTs and 
recorded parameters that characterize the ESD generators. It is 
a logical step to investigate the correlation between the failure 
levels and the parameters. We attempted to extract as much 
general information as possible using a large, but far from 
perfect data set. 
A. Method 
To illustrate the principle, let us assume an EUT is 
selectively sensitive to only one ESD parameter and let it be 
the peak current. If this EUT is tested using a set of ESD 
generators that differ in their peak current, then we would 
observe a disproportional relationship between the peak current 
and the failure level. The correlation analysis searches for a 
linear relationship between the severity of an ESD generator 
and the reciprocal failure level. We quantify this using the 
correlation coefficient (-1 ≤ ρ ≤ 1), where a 1 indicates the 
strongest correlation [12].  
B. Which parameter predicts the failure level the best for all 
EUTs? 
For the practical reasons and due to the problems of 
convincing a committee having diverse technical 
qualifications, it is unrealistic to require a large set of difficult 
to determine parameters to be included in a standard. Thus we 
need to simplify by selecting the best parameter for reducing 
test result variations. Thus, we are looking for a correlation 
between all the EUT test results and the generator parameters. 
This requires a method of data aggregation for the EUT test 
results.  
A two step process was used. In the first step we remove 
the difference caused in failure levels by some EUT being very 
robust and other’s being quite sensitive. This is similar to the 
data shown in Fig. 1, but, in Fig. 1, the normalization has been 
done to the minimal value to show the failure level variations. 
For the correlation analysis, a mean failure level was used for 
normalization. In the second step, we average over all EUTs to 
obtain a vector that represents the average sensitivity of all 
EUTs to each generators used. 
Any major deviation trend from mean failure level will be 
accumulated in this averaging process allowing testing for a 
general correlation over all the EUTs to a selected ESD 
parameter. Fig. 5 shows these general correlations. VLoop, p-p and 
IBP, p-p exhibit correlation to the failure level over all EUTs, 
while other parameters do not. Of course, at this point one 
might think that the peak current did not show a correlation, 
this it is not relevant and could be removed from the standard. 
However, the variations of the peak current are small between 
all the ESD generators and many of the parameters are linearly 
dependent on the peak current in an ESD generator. The 
correlation coefficients shown in Fig. 5 are 0.38 ~ 0.76 which 
is not high values. Thus, VLoop, p-p, and IBP, p-p can help to 
improve the ESD standard but will not solve the problem of 
reproducibility completely.  Based on our test data we believe 
that this is due to the resonant nature of the EUTs. Envelope 
specifications on the transient fields (e.g, expressed as the 
spectrum of VLoop) and a limit on the frequency content of the 
discharge waveform could help to reduce the problem of test 
result reproducibility. 
As can be see in Fig. 5 (a) and (b), ‘Generator a’ outlies 
from the main trends because of the high peak current beyond 
the standard or for unknown reasons. If it is excluded from the 
analysis, the correlation improves as shown in Fig. 5 (c) and 
(d). 
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 Fig. 5.  The general correlation of (a) (c) VLoop, p-p and  (b) (d) IBP, p-p to failure 
level over all the EUTs. (a) and (b) show the correlations including all ESD 
generator used. (c) and (d) show the correlations excluding ‘Generator a’. 
C. Limit of the correlation analysis 
Correlation does not prove a cause-and-effect relationship. 
However, the correlations are supported by a plausible physical 
model (e.g., resonances) allowing for cautious conclusions 
regarding the cause-and-effect relationships. Being able to 
perform experiments that monitor internal voltages and 
currents, and varying only one parameter may be able to prove 
the relationships. 
 
V. COMPARISON BETWEEN THE MODIFIED AND THE 
UNMODIFIED ESD GENERATORS 
The Round Robin was initiated to test if a specification on 
the width of the initial pulse would improve test result 
repeatability. For the generators that came in pairs of a 
modified and an unmodified model, the width of the first pulse 
changed by a factor of 2.2 ~ 2.5. Other parameters specified in 
the standard changed by a factor of 0.8 ~ 1.3. Also all the 
other parameters shown in Fig. 4 also have been changed. For 
example VLoop, p-p, was changed from 2.8 (‘Generator A’) to 
5.2 (‘Generator a’). 
The previous section had shown that the field parameters 
correlate to failure levels. Increasing the width of the first 
pulse will also reduce ringing, thus reduce IBP, p-p which is 
another parameter which correlates to the failure levels. Due 
to the complexity of the situation, we analyzed for how many 
EUTs the failure level variation increased by using a modified 
generator and for how many it was reduced. 
The changes in the failure level variation ratio after the 
modifications are illustrated in Fig. 6. For the EUTs on the left 
side of the plot, the failure level variations reduce after 
modification, while they increase on the right side. Overall, 
the data indicates that slightly more EUTs showed improved 
reproducibility than worsened reproducibility. The IEC 77b 
MT12 ESD standard setting working group did not see this as 
sufficient evidence to include this specification into the 




Fig. 6.  The changes in the failure level variation ratio before and after 
modifying the ESD generators for the (a) positive and (b) negative voltage 
discharges. The left side of the plot shows the reduction of the variation ratio 
after the modifications while right side shows the increase.  
 
VI. CONCLUSION 
The system level ESD Round Robin test, conducted at three 
laboratories, comparing eight generators, showed test result 
variations of up to 1:3 with 1:2 being common. No ESD 
generator was the most severe over all of the EUTs, and no 
one generator was the least severe.  
ESD generator parameters have been correlated to upset 
levels. Out of the many parameters tested, two correlated: The 
voltage induced in a small loop and the spectral content of the 
discharge generator between 200 and 800 MHz, a range that is 
often influenced by the falling part of the initial peak. A set of 
generators that had a slower falling edge and less ringing in 
the falling part of the waveform showed slightly reduced test 
result variations. 
The data indicates that transient fields of ESD generators 
strongly contribute to the repeatability problem of system 
level ESD testing. Better test repeatability will only be 
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